Identifying the coordinates of marked points in digital subtraction angiography (DSA) is one of the key problems in DSA image-guided navigation systems for interventional radiological procedures. DSA images directly affect the precision and speed of navigation. In this work, a novel method for marked point identification was proposed on the basis of the geographical concept of triangle topology to identify the coordinates of the marked points in a DSA image rapidly and accurately. First, a calibration model with special and distributed marked points was designed. The identifiable marked points from the pretreated image were then selected and the image coordinate of the fourth marked point was verified for calibration. Subsequently, the structure of the triangle topology and proportional relation were used to confirm the uniformized coordinates of the four points. These four points were used to calculate the homography from the coordinates of the uniformized coordinate system to the coordinates of the image coordinate system. Finally, the image coordinates of all the marked points were derived through the values of the uniformized coordinates and homography. Results show that through the marked point identification method proposed in this study, the locations of the marked points can be determined accurately and quickly in the image coordinate system and uniformized coordinate system based on the triangle topology structure, which was formed by the identifiable marked points. The image coordinates of all the marked points can be recalculated without identifying the special marked points. The average error in the algorithm is smaller than 1 mm, and the running time is shorter than 1 s. These values satisfy the requirements of actual surgery in terms of the precision and speed. Thus, the proposed method can provide practical reference for future navigation system based on DSA images for interventional operation.
Introduction
Minimally invasive surgery is extensively used in interventional therapy because it results in less trauma, quick recovery, and good effect [1] . Transcatheter arterial chemoembolization is a treatment method for microtraumatic intervention. In this method, a special catheter is inserted precisely into the target arteries that feed the tumor. An embolic agent of proper amount is then injected into the catheter at a proper speed to close and block the target arteries. This process eventually causes the avascular necrosis of tumor issue. During the process, the contrast agent must be injected to reveal the vascular structure in order to locate the catheter tip [2] , [3] . However, this method has several disadvantages. First, radiography is necessary every time the catheter tip is located. Prolonged use of contrast agent can cause adverse effects on patients, and Xray radiation can cause radius damage to both doctors and patients. Thus, other methods have been proposed for microtraumatic intervention. One such method is a surgery navigation system based on digital subtraction angiography (DSA) images [4] [5] [6] [7] . This system comprises an X-ray generator for angiography, electromagnetic tracking equipment, and computer software platform [8] , [9] and thus can display the location of the catheter tip accurately in the DSA image at real time and draw the catheter route in the anatomical structure; thus, this method not only reduces the adverse effects to the patients and doctors by decreasing the times of radiography but also provides a visual guide for doctors during surgical operations [10] . Meanwhile, in this method, installing an electromagnetic tracking sensor at the tip of the catheter is necessary to locate the catheter tip accurately. In addition, a calibration model is used. Calibration model refers to the lattice with the materials featured by low X-ray penetration rates. These materials are distributed in the board made of materials with high X-ray penetration rates. The transformation matrix is then calculated using the coordinates of the lattice in the calibration model of the DSA image coordinate system. The coordinate of the transformation matrix in the electromagnetic orientation system is also calculated. The corresponding relation between the DSA image coordinate system and the electromagnetic positioning coordinate system during the transformation of the three-dimensional location of the catheter tip into the two-dimensional DSA image is used for matrix calculation. Thus, this method provides visual guidance for doctors during catheter operation of the doctor. In this regard, accurately locating the lattice of the calibration model in the DSA image is crucial to attain high precision. Despite the importance of this process, it remains a critical problem of surgery navigation based on DSA images. In this study, a method based on triangle topology for the automatic identification of the marked point of a DSA image is proposed. It can reconstruct the image coordinate of all the marked points by using the marked points with identifiable parts. Reconstruction is performed to locate the lattice of the model in the DSA image coordinate system accurately and quickly. The proposed method can lay foundations for surgery navigation systems based on DSA images.
State of the art
Many solutions have been proposed to solve the problem of marked point identification in DSA images. The identification process can be divided into two methods, that is, online and offline. In offline calibration methods, marked point identification is performed for the specific angle of the C-arm and focal length before the surgery. However, while offline calibration is highly précised, it requires additional calibration processes before the surgery. Thus, the burden on the operator increases, and the surgery becomes rather complicated. Moreover, only the specific locations of the Carm can be selected for marked point identification. Thus, the application of identification is limited. Online calibration refers to the real-time calibration during surgery. It can determine the image coordinate and the location coordinate and break the limitations of offline calibration with regard to the locations of the C-arm. In this round template image with the same size as the marked point and the pretreated reference image for correlation calculation are selected by using the normalized cross-correlation ideas in classical statistic matching; this procedure is performed by calculating the cross-correlation metric value regardless of whether the area that contains the pixels of the marked point can be determined [11] . In this method, the image of the round template must be determined first. When the C-arm translates along the imaging principal axis, its size in the image changes after the imaging of the marked point. However, the predetermined template image might become invalid and thus may cause identification failure. During the calculation of mutual information, threshold value selection presents a problem, which cannot be determined unless a numerous experiments and tests are performed [11] [12] [13] [14] [15] [16] . Li et al. [10] proposed the use of clustering algorithm for the automatic identification of information on the mark points and determination of the grid posture of the marked points through the table of row/column index. In the clustering process, the calculation may be affected by the noise points in the image. If a contrast agent is present in the image, the identification may fail. Meanwhile, the method has adopted the clustering concepts of the minimum spanning tree. However, its application is quite complicated. This method involves many calculations when the clustering calculation is performed, and thus its real-time performance cannot satisfy the requirement of fast calibration during the surgery. Si et al. [17] proposed a method that identifies the image coordinate of a marked point according to the simple ratio. Although this method is quite simple, special marked point must be correctly identified, especially for those images with contrast agent "pollution" or viewport changes. Notably, the identification fails when the special marked point is not identified. Thus, an automatic identification method for the marked point of DSA image is proposed in this study to address the problems on marked point identification methods in terms of feasibility, correctness, and real-time performance. This method can determine the image coordinate of a marked point accurately and quickly.
The rest of this paper is organized as follows. The construction of a surgery navigation system based on the DSA image is elaborated and the requirement of catheter calibration is raised in the third section. A new marked point identification method is then proposed. In the fourth section, an experiment is conducted to verify the effectiveness, correctness, and real-time performance of the algorithm of the marked point identification. The experiment results are then analyzed. In the last section, the conclusion and expectations are provided.
Methodology

Surgery navigation system design based on DSA images
Surgery navigation system based on DSA images is composed of angiography X-ray generator, calibration model, the electromagnetic positioning device, and the catheter with electromagnetic sensor. The software used to run the system contains a 3D slicer software platform. Figure 1 shows the navigation process. The standard coordinate system is as follows:
EMT -electromagnetic tracking coordinate DSA -DSA imaging system coordinate Image -DSA image coordinate. The coordinate of the catheter tip in the DSA imaging system is obtained by using the locations of the catheter tip in the electromagnetic tracking coordinate system T TOOL→EMT and through the transformation T EMT→DSA from the electromagnetic tracking coordinate system to the DSA imaging coordinate system. Subsequently, the coordinate of the catheter tip in the DSA image can be used through the projection T PROJ for the real-time display of the catheter tip in the DSA image. The real-time display facilitates the tracing of the route of the catheter in the blood vessel. This Thus, it can assist doctors performing the intubation.
Calibrating the catheter is necessary to complete the procedure chart. The Aurora electromagnetic tracking device developed by NDI company is used to obtain T TOOL→EMT of the catheter tip in the electromagnetic tracking coordinate system. T PROJ is calculated according to the projection relations in the DSA coordinate system. Assuming that the distance from the radioactive source to the imaging planes is f, then
and
Therefore, calculating the transformation of T EMT→DSA during calibration is suffice. The calibration model is necessary for the calculation of T EMT→DSA . It can be transformed into the Perspective-n-Point problem [18] for calculation by acquiring the image coordinate and the electromagnetic tracking coordinate of the marked point in the calibration model and the focal length.
The calibration model is composed of a shell and a calibration board as shown in Figure 2 . The shell is made of acrylonitrile butadiene styrene copolymers with high X-ray penetration rate. The shell is used to fix the calibration board to the flat panel detector. The calibration board can be divided into an upper layer and lower layer. Each layer is made of polymethyl methacrylate and has regularly distributed lead points with low X-ray penetration rates in the surface. The lattice is arranged with uniform spaces, as shown in Figure 3 . The board of the upper layer adopts the 7 x 7 lattice, in which a single cell constitutes a large marked point with a diameter of 4 mm. The rest of cells are small marked points with a diameter of 2 mm. The cell that contain the large marked point are considered as the coordinate axis of the uniformized coordinate system. In this system, the origin of the coordinates is set as 0, as shown in Figure 3 . The board of the lower layer is an 8 x 8 lattice, which contains all the small marked points with a diameter of 2 mm. The marked points are distributed among the marked points of the upper, middle, and lower layers in a two-dimensional image. 
Pretreatment
The threshold value is selected according to the gray information obtained from the DSA image. The marked points as targets are ensured to be separated from the background. The background is removed when the marked point is extracted. For the materials and human tissue with high X-ray penetration rate, the gray value in the DSA image is relatively large. By contrast, in the contrast agent and marked point with relatively low X-ray penetration rate, the gray values in the DSA image are relatively small. The part with relatively high X-ray penetration rate and the part with relatively low X-ray penetration rate can be differentiated. In each marked point production, the amount of lead used is not consistent. The contrast agents contain different concentrations. Thus, the gray value of the contrast agent in the DSA image might be larger or smaller than the gray value of the marked point. As a result, some marked points whose gray values are larger than the contrast agent are often lost when the threshold value is used to remove the influence of the contrast agent from the part with relatively low X-ray penetration rate. Meanwhile, parts of the marked points might be present in the visual field because of the vision adjustment during the interventional operation. After the threshold value processing, some of the marked points are extracted from the DSA image.
Morphological processing is performed with threshold processing for the DSA two-value image. Each of the eight connecting components is marked in the two-value images. The resulting marks are regarded as the connected regions. The center of mass (i.e., the mean value of rows and columns of the pixels in the areas) and the area (number of pixels in the area) of each connecting component are calculated and subsequently regarded as the center of mass and the area of the marked point, respectively.
Extraction of the marked point
Homography is a projected mapping matrix from one plane to another plane and indicates that a corresponding relation is established between the points of two planes. Four marked points in the plane are required to calculate the homography from the uniformized coordinate system to the image coordinate system and obtain the corresponding relation between them. Moreover, at least three of the marked points must not be collinear. The marked points are arranged at a descending order. Three marked points with the largest areas are then selected, because only some parts of the marked points can be identified according to the area size calculated in the pretreatment for all the extracted marked points. The three marked points are designated as A, B, and C. According to the triangle topology, the absolute positions of A, B, and C can be determined. The detailed determination basis is as follows:
(1) Three points of A, B, and C are not collinear.
(2) A and B are in the same row or column; (3) C is not in the same row or column with the A or B.
For example, A and B can be considered in the same row with specific position of C. All the triangle topologies that the three points of A, B, and C might constitute are shown as follows: Fig. 4 . Triangle topologies Figure 4 shows some of the triangle topologies generated by A and B, which remain in the same row despite the changes in position, and C, which has a specific position.
Another point, designated as D, is used, because the establishment of homography involves four points. For point D, the other coordinate value acts as the coordinate value of point D in the corresponding locations among the two coordinate values of point A except the coordinate value similar to point B. Another coordinate value of point D is identical with the coordinate value of the corresponding location of point C. The determination method for the origin of coordinate 0 of the uniformized coordinate system is similar to point D. Among the two coordinate values of point A, the coordinate value similar to point B acts as the coordinate value of point 0 in the corresponding location. In addition, another coordinate value of point 0 is identical with the coordinate value of point C in the corresponding location.
In the image coordinate system, the above method can be used to determine the image coordinates of points 0 and D. For example, in Figure 5 , A and B are in the same row. The row coordinate of point 0 is thus similar to that of point A, and the column coordinate is similar to that of point C.
Moreover, the column coordinate of point D is the same as that of point A. The row coordinate of point D is same as that of point C. Therefore, the coordinates of points 0 and D can be determined. In addition, three of the four points are not collinear, indicating that the result satifies the calculation requirement of homography.
In the uniformized coordinate system, the OA to OB ratio can be used to determine the uniformized coordinate system of A and B on the basis of the concepts of the simple ratio [17] . The mapping relation is shown in Table 1 . According to the uniformized coordinate system of A and B, the length of unit length 1 of the uniformized coordinates in the image coordinate system is uint=(OA+OB)/(|A|+|B|). The uniformized coordinate of C can be determined by using this length. In this coordinate, one coordinate value is 0 and the other coordinate value is regarded as c=OC/uint. The symbol is determined according to the relative relation of C with A. When the number of rows of point C is smaller than the number of rows of point A, the symbol is negative when A and B are in the same row or positive when A and B are not in the same row. When the number of columns of point C is smaller than the number of columns of point A the symbol is negative when points A and B are in the same column or positive when points A and B are not in the same column. Meanwhile, in Figure 5 , when points A and B are in the same row, the symbol is negative when the number of columns of point C is smaller than the number of columns of point A. Furthermore, if the two coordinate values of point C are 0 and 3, the coordinate of point C is (0, −3). The determination method of point D in the uniformized coordinate system is similar to that in the image coordinate system. Thus, the coordinates of the four marked points in the uniformized coordinate system can be completely confirmed. 
Homography and the image coordinate calculation
According to the uniformized coordinates and image coordinates of points of A, B, C, and D, the homography H from the uniformized coordinates to the image coordinate system can be calculated. Assuming that the uniformized coordinates of a point is (x 1 ,y 1 ), the corresponding homogeneous coordinates is (x 1 ,y 1 ,1), and the image coordinate is (x 2 ,y 2 ), the corresponding homogeneous coordinates is (x 2 ,y 2 ,1), then ,y D' ,1) . H can be determined by using the eight equations and solving unknown numbers.
The image coordinates of all the marked points can be determined by multiplying the uniformized coordinates of the discrete lattice with H. Therefore, even if the image coordinates of the marked points in image identification are lost, they can be determined through the above method.
Result analysis and discussion
We have conducted tests and experiments to verify the effectiveness, correctness, and real-time performance of the algorithm. In the experiment, DSA imaging system, calibration model, and graphic workstation (Dell Precision T5600 (Xeon E5-2603/8 GB/250 GB) are used. The medical data adopted is intranperative DICOM images from the invasive technology department of Shenzhen Hospital of Traditional Chinese Medicine, with a resolution ratio of 1024 x 1024.
The image of normotopia C-arm is selected for further examinations. Matlab 8.6 is used for algorithm verification. The obtained results are shown in Figures 6, 7 , and 8. The DSA image is affected by the viewport adjustment and contrast agent pollution (Figures 6, 7, and 8 ). On the one hand, the number of identification points is lost when the binarization processing is used to identify the marked point and remove the influence of the contrast agent ( Figure 6[b] ). On the other hand, the number of identification points is limited because of the viewport. The lost points can be recalculated by using the identification method based on triangle topology and identified marked points. The marked point of the board of the upper layer is selected for instructions. The results of the calculation are shown in Figures 6(c) , 7(c), and 8(c), where * refers to the points obtained after the identification calculation. Apparently, the identification points after the calculation can fit the locations of marked point effectively.
Precision is the key factor of navigation systems. For the above method, the precision of the marked point identification must be verified. Only 13 typical points from Figure 6 (a) are selected for analysis because of the numerous marked points. As shown in Table 2 , the average error of calculation is 1.4220 pixels. The standard deviation is 1.6163 pixels. The physical coordinate of every pixel is 0.3730 mm. The average error of calculation is 0.5304 mm. The standard deviation is 0.6029 mm. In literature [10] , the average error obtained through calculation is 0.92 mm by using the algorithm. Meanwhile in literature [11] , the average error obtained through the algorithm is 0.70 mm. Thus, high precision can be achieved when the method discussed in the present study is used.
Real-time performance is one of the important aspects of surgery navigation. The speed of marked point identification and determination directly affects the efficiency of a surgical operation. The marked point identification is performed on images on Figures 6, 7 , and 8. The running time of the algorithm is shown as Table 3 and is based on the Matlab 8.6 platform. The running time is limited within 1 s. This value is capable of fast automatic identification, and thus it satisfies the requirements of surgery navigation. 
Conclusion
A new algorithm for the automatic identification of marked point is proposed to address the problems with regard to feasibility, correctness, and speed of automatic identification of marked points in surgery navigation based on DSA images. The algorithm is proposed to calculate the image coordinates of all the marked points according to identifiable marked points. The threshold values are segmented to determine the area and center of the marked point. The area and center are determined on the basis of the locations of uniformized coordinates determined by the identified marked point. The transformational relation is then calculated to solve the image coordinates of all the marked points. Based on the experiment results, the following conclusions are obtained:
1) The coordinates of the identifiable marked point in the uniformized coordinate system based on the triangle topology are determined. The image coordinate system can be matched with the uniformized coordinate system simply and quickly when constructing the homography.
2) The image coordinates of all the marked points can be determined through the homography based on the uniformized coordinates of known marked points. The calculation error is minimal. This result is not the main source of error. Moreover, the outcome satisfies the demands of surgery navigation system. 3) For the lost marked point in the identification, the uniformized coordinates and homography can be used to perform recovery calculation. Moreover, identifying a special marked point is unnecessary. Thus, the proposed method is highly flexible. The method is simple and feasible, because the image calculation for automatic identification and extraction of marked point are realized. In addition, it can calculate the image coordinate quickly, thus increasing its flexibility. Furthermore, its precision satisfies the requirement of interventional operation navigation. Thus, the proposed method can lay solid foundation for the establishment of surgery navigation system. Meanwhile, identification algorithm must be included in the system for analysis in subsequent studies because the entire navigation system remains underdeveloped. Doing so can perfect the precision and real-time performance analysis.
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